Significant enhancement of ferromagnetism in Zn$_{1-x}$Cr$_{x}$Te doped
  with iodine as an n-type dopant by Ozaki, Nobuhiko et al.
ar
X
iv
:c
on
d-
m
at
/0
60
72
73
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 11
 Ju
l 2
00
6
Significant enhancement of ferromagnetism in Zn1-xCrxTe doped with iodine as an
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The effect of additional doping of charge impurities was investigated in a ferromagnetic semicon-
ductor Zn1−xCrxTe. It was found that the doping of iodine, which is expected to act as an n-type
dopant in ZnTe, brought about a drastic enhancement of the ferromagnetism in Zn1−xCrxTe while
the grown films remained electrically insulating. In particular, at a fixed Cr composition of x = 0.05,
the ferromagnetic transition temperature TC increased up to 300 K at maximum due to the iodine
doping from TC = 30 K of the undoped counterpart, while the ferromagnetism disappeared due to
the doping of nitrogen as a p-type dopant. The observed systematic correlation of ferromagnetism
with the doping of charge impurities of both p- and n-type, suggesting a key role of the position of
Fermi level within the impurity d-state, is discussed on the basis of the double exchange interaction
as a mechanism of ferromagnetism in this material.
PACS numbers: 75.50.Pp, 71.55.Gs, 75.30.Hx, 78.20.Ls
Recently intensive efforts have been made for the
search of novel ferromagnetic semiconductors[1]. Up to
the present, several materials have been reported to ex-
hibit ferromagnetism above room temperature[2], but few
of them have been confirmed to be ferromagnetic as an
intrinsic nature of the material studied. This is partly
due to difficulties in excluding the contribution from pos-
sible precipitates of other compounds than the pure di-
luted phase. In this regard, Cr-doped ZnTe is one of the
promising candidates because the room-temperature fer-
romagnetism was observed in a crystal containing 20 %
of Cr and its intrinsic nature was confirmed through
magneto-optical measurements[3]. However, the origin
of ferromagnetism should be different from the carrier-
induced mechanism as in Mn-doped III-V compounds[2]
because Cr ions are considered to be incorporated as
Cr2+ in II-VI compounds[4] and to be electrically neu-
tral. Then a question arises how the additional carrier
doping affects magnetic properties of this material. Ex-
perimental studies addressing to this critical issue are
expected to provide a substantial clue for understanding
the mechanism responsible for ferromagnetism. In our
previous study[5], we reported the suppression of ferro-
magnetism in p-type Zn1−xCrxTe co-doped with nitro-
gen (N) as a dopant. This result, which is against a
na¨ıve expectation from the analogy of (Ga,Mn)As, has
brought our attention to the effect of doping of the oppo-
site charge impurity. Then, in the present study, we have
investigated magnetic properties of Zn1−xCrxTe films co-
doped with iodine (I), which is expected to act as an
n-type dopant. As a result, we found that the ferromag-
netism was enhanced drastically due to the iodine doping
in Zn1−xCrxTe.
An epitaxial layer of Zn1−xCrxTe was grown by con-
ventional molecular beam epitaxy (MBE) method using
solid sources of Zn, Cr and Te. Iodine (I) was used as
an n-type dopant and it was supplied as a compound
of CdI2. A ZnTe buffer layer (thickness ∼ 700 nm) was
first grown on a GaAs (001) substrate to relax a large
lattice mismatch and then a Zn1−xCrxTe layer (thick-
ness ∼ 300 nm) was successively grown on it. The sub-
strate temperature during the growth of the both layers
was kept at 300◦C. The growth of a ZnTe buffer layer
and an undoped Zn1−xCrxTe layer was performed in the
Te-rich condition while an iodine(I)-doped Zn1−xCrxTe
layer was grown in the Zn-rich condition in order to
suppress a possible formation of Zn vacancy due to
the self-compensation effect. The Cr composition x in
Zn1−xCrxTe layers was estimated using electron probe
microanalyzer with a low acceleration voltage in order
to probe only the Zn1−xCrxTe layer and the iodine con-
centration [ I ] was measured using secondary ion mass
spectroscopy (SIMS) with an ion-implanted ZnTe wafer
as a reference. In the present study, the Cr composi-
tion x of Zn1−xCrxTe was fixed at around x = 0.05 and
the iodine concentration [ I ] was changed in the range of
1017 ∼ 1019 cm−3 by controlling the temperature of a
CdI2 K-cell.
The crystal structure of the grown films was examined
by x-ray diffraction (XRD) and high-resolution trans-
mission electron microscope (HRTEM) with a partic-
ular attention to check the presence of any secondary
phase. Figure 1 shows θ–2θ diffraction pattern of a typi-
cal Zn0.95Cr0.05Te:I film, together with that of a ZnTe
for reference. There appeared only diffraction peaks
of ZnTe (00n) and GaAs (00n) and any trace of other
phases was not detected in a dynamic range larger than
five order of magnitudes. The diffraction peaks from
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FIG. 1: (color online) The θ–2θ XRD pattern of ZnTe and
Zn0.95Cr0.05Te:I films. The iodine concentration of the I-
doped film is 2 × 1018 cm−3 (TCdI2 = 200
◦C). The vertical
scale for the Zn0.95Cr0.05Te:I film is shifted for clarity.
the Zn0.95Cr0.05Te layer did not split from those from
the ZnTe buffer layer because there is little change in
the lattice parameter due to the Cr incorporation[6].
Cross-sectional HRTEM image and selected-area electron
diffraction (SAED) of Zn0.95Cr0.05Te:I are shown in Fig.
2. As shown in the figure, the lattice image exhibits a
mostly single-crystalline zinc-blende structure, but there
exist stacking faults along the {111} plane in some lim-
ited regions. In SAED, intense spots in the hexagonal ar-
rangement correspond to the zinc-blende structure, but
additional weak spots were observed in one-third po-
sitions on the lines connecting the fundamental spots.
These extra spots are considered to reflect a triplet pe-
riodicity of the stacking sequence along the {111} plane
in the stacking fault regions observed in the lattice im-
age. However, any apparent precipitates of other crystal
structures were not detected both in the lattice image
and the electron diffraction. The result of TEM analy-
ses of I-doped films is almost similar to that of undoped
ones with the same Cr composition [6, 7] and the iodine
doping causes little changes in the microscopic crystal
structure of Zn1−xCrxTe.
The electrical measurement revealed that grown films
of Zn1−xCrxTe:I remained insulating even with the high-
est doping concentration of the order of 1019 cm−3. This
is in contrast to nitrogen(N)-doped Zn1−xCrxTe, which
exhibited the p-type conductivity ranging from insulating
to metallic behaviors depending on the balance between
Cr and N concentrations[5]. It is known that n-type dop-
ing is exceptionally difficult in the host binary compound
ZnTe, due to a kind of self-compensation effect[8, 9]. In-
deed, there has so far been no achievement of n-type
conduction in ZnTe using iodine as a dopant[10]. An ad-
FIG. 2: Cross-sectional HRTEM image of the same
Zn0.95Cr0.05Te:I film as shown in FIG. 1. In the lower-right
region in the image, stacking faults along the {111} plane
were observed. The inset shows the selected-area electron
diffraction (SAED) pattern.
ditional possible disadvantage in (Zn,Cr)Te is that elec-
trons supplied from the donors would be trapped by the
Cr impurity level within the gap. Anyway, the n-type
conduction could not be achieved in our Zn1−xCrxTe:I
films, but it turned out that the iodine doping exerts a
significant effect on magnetic properties.
The magnetization of grown films was measured using
superconducting quantum interference device (SQUID)
magnetometer with magnetic fields perpendicular to the
film plane. Figure 3 shows the magnetization versus mag-
netic field (M–H) curves of Zn0.95Cr0.05Te films without
and with the charge doping. Compared to the hysteretic
M -H curve in the undoped film, the hysteresis loop was
enlarged in the I-doped film ([ I ] = 2× 1018 cm−3), while
it disappeared in the N-doped film ([N] = 5×1020cm−3).
At the same time, the saturation magnetization de-
creased in the N-doped film while it increased in the I-
doped film. The ferromagnetic transition temperature
TC estimated from Arrott plot analysis was given by
TC = 300 K in the I-doped film and TC = 30 K in the
undoped film, while the N-doped film remained param-
agnetic down to the lowest temperature of 2 K.
The dependence of the ferromagnetic properties on
the iodine concentration was investigated on a series of
Zn1−xCrxTe:I films grown under a fixed Cr flux and dif-
ferent CdI2 K-cell temperatures TCdI2 . Figure 4 shows
the ferromagnetic transition temperature TC for this se-
ries of films, together with the paramagnetic Curie tem-
perature ΘP deduced from the Curie-Weiss plot. In the
figure, these critical temperatures are plotted as a func-
tion of the inverse of TCdI2 and the scale of [ I ] estimated
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FIG. 3: (color online) M–H curve of undoped, N- and I-
doped Zn0.95Cr0.05Te films. The measurement was performed
with magnetic fields perpendicular to the film plane at 2 K.
The doping concentration in the N- and I-doped films is [N] =
5 × 1020 cm−3 and [ I ] = 2 × 1018 cm−3 (TCdI2 = 200
◦C),
respectively.
from the SIMS measurement is given in the horizontal
axis below. With the increase of TCdI2 , TC first increased
from 30K in an undoped film, and then reached the max-
imum of 300 K at TCdI2 = 200
◦C ([ I ] = 2 × 1018 cm−3)
and then turned to decrease with the further increase of
TCdI2 . On the other hand, ΘP almost followed the in-
crease of TC at low TCdI2 , but it remained constant after
reaching the maximum of ΘP = 320K at TCdI2 = 200
◦C.
It was found that TC was increased due to the iodine
doping in other Cr compositions than x = 0.05[11]. (For
example, at x = 0.01, TC reached 100 K with the doping
of iodine at a concentration of [ I ] = 2 × 1018 cm−3, in
contrast to TC = 5 K in the undoped film.)
Magnetic circular dichroism (MCD) measurements
were performed in order to dinstinguish the magnetic
properties which are intrinsic in the pure diluted phase
of (Zn,Cr)Te from those of possible precipitates of other
compounds. Figure 5(a) shows the MCD spectra of ZnTe
and Zn0.93Cr0.07Te:I at 2 K, 1 T. In ZnTe, a sharp peak
appeared at 2.38 eV, corresponding to the intrinsic Zee-
man splitting at the Γ point. In Zn0.93Cr0.07Te:I, on the
other hand, a broad negative band appeared in the lower-
energy side of a similar sharp peak at 2.38eV. These char-
acteristic MCD spectra were also observed in undoped
Zn1−xCrxTe[3, 12]. Though the origin of this broadening
has not been yet specified[13], this broad MCD band is
considered to be related to the enhanced magneto-optical
effect at the Γ point[3]. In Fig. 5(b), the MCD intensities
at a fixed photon energy are plotted against the magnetic
field and compared with the magnetization measured by
SQUID. As shown in the figure, the magnetic-field de-
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FIG. 4: (color online) The ferromagnetic transition temper-
ature TC and the paramagnetic Curie temperature ΘP are
plotted against CdI2 K-cell temperature TCdI2 . The Cr com-
position x is almost constant at around x = 0.05 and the
scale of the iodine concentration [ I ] is given in the horizontal
axis below, based on an estimate by SIMS measurements. TC
and ΘP of an undoped Zn0.95Cr0.05Te are plotted on the right
edge of the figure by closed symbols.
pendence of MCD coincides well with the M–H curves
at the respective temperatures, although there is a slight
difference in the ratio between the MCD intensities and
the magnetizations at different temperatures. This coin-
cidence corroborates that the Cr d electrons exhibit the
exchange interaction with the sp electrons at a critical
point of the energy band; that is, the observed ferro-
magnetic behaviors are intrinsic properties of (Zn,Cr)Te
with Cr incorporated substitutionally in the Zn site, not
coming from precipitates of other Cr compounds.
The direction of change due to the doping is opposite
to the case of (III,Mn)As, in which the ferromagnetism
is mediated by holes and therefore TC is scaled by the
hole concentration[2, 16]. Since the origin of ferromag-
netism in (Zn,Cr)Te is considered to be different from the
carrier-induced mechanism in (III,Mn)As, another expla-
nation is needed for the doping effect. Concerning the
origin of ferromagnetism in Cr-doped II-VI compounds,
both the superexchange interaction [17] and the double-
exchange interaction [18] have been proposed. According
to the first-principle calculations by Sato et al.[18], the
Cr 3d electrons form the non-bonding e state and the
anti-bonding ta state within the band-gap of ZnTe and
the Fermi level EF is located in the middle of the upper ta
state. Electron hopping between this partially-occupied
ta state stabilizes the ferromagnetic alignment of Cr spins
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FIG. 5: (color online) (a) The MCD spectra of ZnTe (without
I doping) and Zn0.93Cr0.07Te:I (TCdI2 = 200
◦C, TC = 280 K)
films at 2 K, 1 T. The measurement was performed in the
transmission mode under magnetic fields perpendicular to the
film plane (Faraday configuration). The vertical scale is the
same for the two spectra but the origin is shifted for clarity.
(b) The field dependence of the MCD signal intensities at
a photon energy of 2.2 eV (represented by lines), and the
magnetization measured by SQUID (represented by marks).
(double-exchange mechanism[19]). Since the strength of
this ferromagnetic double-exchange interaction is depen-
dent on the occupation of the d-state, the shift of EF due
to the charge doping is expected to affect the ferromag-
netic properties. The suppression of ferromagnetism in
p-doped (Zn,Cr)Te is explained well by this picture[5];
that is, the downward shift of EF due to the doping of
an acceptor impurity reduces the electron density in the
Cr 3d state, resulting in the suppression of the double-
exchange interaction.
On the other hand, EF is expected to shift upward
upon the doping of a donor impurity. In order to explain
the observed enhancement of ferromagnetism in the I-
doped films, it should be assumed that EF in the nomi-
nally undoped crystal is deviated below from the peak of
the density of states of the ta state, presumably due to
a native Zn-vacancy or other defects induced by the Cr
incorporation. Assuming this initial position of EF, the
upward shift of EF due to the iodine doping increases the
electron density at EF, resulting in the enhancement of
the ferromagnetic interaction. This picture, based on the
double-exchange mechanism, could give a qualitative ex-
planation for the effect of the charge doping, at least for
the direction of change observed in the experiments[20].
Further investigation will be needed to examine this pic-
ture in detail, including a quantitative analysis and an
experimental probe of the change in the valence of Cr
ions[4]. Anyway, the observed systematic and spectacu-
lar change of ferromagnetism demonstrates that the posi-
tion of the Fermi level within the localized d-state of the
magnetic impurity plays a key role and the ferromagnetic
properties can be manipulated by the doping of charge
impurities through the shift of the Fermi level[21].
In summary, we reported a significant enhancement of
ferromagnetism in Zn1−xCrxTe due to the doping of io-
dine as an n-type dopant. At a fixed Cr composition
x = 0.05, TC increased up to 300 K at maximum from
TC = 30 K in the undoped counterpart, while the fer-
romagnetism was not observed in p-type samples doped
with nitrogen. The systematic correlation of ferromag-
netism with the doping of charge impurities of both p-
and n-type, with the variation of TC extending over a
wide range of 0 ∼ 300 K, demonstrates a key role of the
position of the Fermi level within the impurity d-state.
These experimental findings are expected to exploit the
possibility of manipulating ferromagnetism by external
charge control.
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